The rotation -torsion-vibration interaction in acetyl cyanide, CH 3 COCN, has been studied in the rotational spectra of the first excited state of the methyl torsion and of the CCN-in-plane bending. A model with two internal degrees of freedom has been used to account for the A-E rotational splittings in the ground state and in the two excited states simultaneously. The constants in the Fourier expansion of the potential hindering the methyl torsion are determined. The results are compared with those obtained in a previous work from the A -E rotational splittings of the ground state only, using a model with one degree of freedom. Group theoretical considerations are made upon the Hamiltonian used in the present analysis.
I. Introduction
The rotation-torsion-vibration (RTV) interaction has been observed in the rotational spectra of two different series of molecules. In the first 1 no direct coupling exists between torsion and vibration in the harmonic force field approximation and the interaction arises from a sum of different contributions: potential torsion-vibration coupling, Coriolis-type coupling, and more complicated RTV couplings. In the second [3] [4] [5] [6] [7] [8] [9] there is an additional contribution from the direct coupling of torsional and vibrational angular momenta.
In order to interpret the features of the rotational spectrum in the presence of a RTV interaction one has to extend the simple rigid frame-rigid top (RFRT) model, with only one internal degree of freedom, to a model with more internal degrees of freedom. A complete theoretical treatment including all the vibrations has been given 10~12 . The different approach to the RTV problem contained in the structure relaxation method 13 leads to a Hamiltonian which relates to that derived in Reference 10 . A specific model with only two internal degrees of freedom (from now on it will be simply called RTV model) has been developed in this laboratory 3 ' 14 ' 15 . It includes the rotation, torsion and another vibration with which the torsion interacts. No limits are imposed to the amplitude nor to the harmonicity of the vibrational motion considered.
Acetyl cyanide belongs to the first series of molecules above mentioned. In Part I 2 results have been reported concerning the analysis of the torsional fine structure in the rotational spectrum of the ground state (v a , v q = 0, 0) by the use of a RFRT model. A potential barrier to the methyl torsion of 1207 ± 16 cal/mole has been evaluated from the A -E rotational splittings. With this value it was not possible to fit the rotational spectra of the first excited state of the methyl torsion (ua, v q = 1, 0) and of the first excited state of the CCN-in-plane bending (v ta , v q = 0,1).
The failure of the RFRT model to interpret simultaneously the rotational spectra in the three states (0,0) (1,0), and (0, 1) was the reason why further work on this molecule was undertaken. In the present analysis the RFRT model was extended to a RTV model of the type described in References 14 ' 15 . Moreover an investigation of the infrared spectra was carried out, since a detailed knowledge of the vibrational spectrum became necessary for the application of the model. This last aspect of the work on acetyl cyanide is treated in Part III 16 .
II. Experimental
The experimental details concerning the microwave analysis have been reported in Part I. In the present work only some additional transitions were measured. Table 1 and Table 2 in the radiofrequency regions. The great feasibilities of the double resonance technique, especially in connection with double search experiments, resulted to be a straightforward tool to remove the complication of spectral complexity. It is of significance that we could assign some A-E doublets in the (1,0)-state, whose components are separated by more than 100 MHz.
III. Rotation-Torsion-Vibration Analysis

a) Hamiltonian
The Hamiltonian is formulated 14 where the subscripts R, T, and V stand for rotation, torsion, and vibration respectively and the subscripts RT, TV, RV, and RTV stand for the corresponding coupled motions. The explicit expressions for the different terms in (1) are: The term W(q) arises from the translation of the classical Hamiltonian into its quantum mechanical form. The potential energy in (2) is:
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it contains three-and six-fold terms for the pure torsion, V 3 and V 6 ; harmonic, cubic and quartic force constants for the vibration, ko q , k 3q , and k iq ; and two potential coupling terms for the torsionvibration interaction, V 3c and V 3c . The potential coupling terms represent cubic and quartic force constants in the limit of small amplitude torsional motion.
For the numerical treatment of the Hamiltonian the ^-dependent kinetic coefficients are expanded in power series of q, truncated after the second order terms: 
all the other terms which enter in (1) account for the interactions occurring by the coupling of the three motions. The limiting parts (5) and the Hamiltonian (1) can be classified according to the symmetry groups defined in Table 3 . The correlations among the symmetry species are given in Table 4 . Since the selection rules specified under the groups C3V and D3 result in:
A l <-> Ao and E ->-E we will omit in the following the subscripts from Ax and A2. 
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As described in Ref. 15 , Hj of (1) where 0, are the Eulerian angles. The following diagonalization yields, for each v Q ) -state, the rotational spectrum, which is split into A and E components, according to the symmetry species of the D3 inner group.
In order to evaluate the kinetic coefficients in (4) the restructure from Ref. 17 is taken in place of the restructure, which should be known for the analysis. The mode of the vibration considered was given by the normal coordinate analysis performed in a harmonic oscillator approximation 16 . From these calculations the CCN-in-plane bending appeared to be mainly a mixture of CCN-and CCC-angle deformations in the ratio 10: 1 and with the same phase, see Figure 2 . The vibrational coordinate q was chosen to be the deviation of the CCN-angle from equilibrium (180°) and it is defined to be positive for a displacement of the N atom toward the methyl group. With the above assumptions the components of the moment of inertia tensor, Eq. (17) of Ref. 15 , and the kinetic coefficients of Hamiltonian (1) were calculated for 11 values of q, varying from -12° to +12°, and fitted to a fifth order polynomial. In fact an estimate of the mean amplitude of the CCN-in-plane bending by: mately 12°. The expansion coefficients up to the second order, for the calculated vibrational mode, are given in Table 5 .
The numerical treatment of the eigenvalue problem of the Hamiltonian (1) was performed by exact diagonalization of the energy matrices.
b) Results
For the analysis of the spectra the energy level scheme resulting from the eigenvalues of the Hamiltonian (1) have to be compared with the experimental data. In principle all the parameters which enter in the Hamiltonian (1) can be fitted, but, due to the limited number of experimental informations, in the present case only part of the potential constants were fitted. The parameters which enter in the kinetic part were fixed at the values calculated as described above.
Five of the seven potential constants could be determined, that is, V 3 , V6, k 2q > V%o and The last two, k% Q and k± q , were set to zero since their determination would involve more infrared data than those presently available, from hot bands and combination band measurements. Within the approximations done the harmonic force constant for the CCN-in-plane bending is given by /c2a = 0J 2 /M 0 . The remaining four potential constants were fitted to the A-E splittings of the rotational transitions of the states (0,0), (0,1), and (1,0) simultaneously. In the case of the (1,0)-and (0,1)-states only transitions accurately checked by MWMWDR technique and/or by application of frequency sum rules were used in this procedure. The observed and calculated A-E rotational splittings are presented in Table 6 . The potential constants which were fitted, together with those assumed and precalculated, are listed in Table 7 . For comparison Table 8 shows the results obtained from the ground state A-E rotational splittings by the RFRT model theory 2 . In the latter case the potential function was expressed as one-term cosine function, (F3/2) (1 -cos 3 a). Table 9 presents the correlation coefficients of the four potential constants fitted and Table 10 gives the mean partial derivatives of the A-E rotational splittings with respect to these constants. The vibrational level scheme, calculated with the help of the constants from Tables 5 and 7 is shown in Figure 3 . Table 11 summarizes the results obtained from the analyses of molecules presenting a RTV interaction and up to now studied in this laboratory. 
IV. Discussion
In acetyl cyanide the energy difference between the two interacting torsional and vibrational levels is about 50 cm -1 , and it is the largest within the series reported in Reference 1 . The satisfactory agreement between observed and calculated A-E rotational splittings (s. d. = 0.48 MHz or 2.8%) indicates that the RTV model used in this analysis is a far better approximation than the RFRT model. It must be pointed out that, while the A-E rotational splittings are correctly predicted, the frequencies of the corresponding transitions are not. This seems to be a general problem since all the analyses conducted with this kind of RTV model led to similar results 3 . As Mäder et al. have discussed in the case of ethyl cyanide, there are reasons to believe that for a fit of both rotational constants and rotational splittings the RTV model has to be ultimately extended by consideration of other vibrations. Or, alternatively, the kinetic coefficients in (1) should be included, together with the potential parameters, in the fitting procedure.
Possible inaccuracies in the numerical treatment were eliminated or reduced to a reasonable extent troughout the calculations. The number of basis functions in the different steps of the diagonalization procedure was established by successive truncations of the matrices. An accuracy to 10 kHz in the calculation of the A-E rotational splittings was taken to be sufficient. In the present case it turns out that the following numbers of functions have to be taken into account: 17U m (a), 6 U Va "(a), 5 H Vq (q), and 18 ^."^(a, It has been numerically tested that the second order terms in the kinetic coefficients expressions do not affect the rotational splittings more than 1%. It seems therefore sufficient to consider terms up to the second order.
In the course of preliminary calculations to define the most suitable starting set of potential constants for the final least squares fit we observed that the calculated A-E rotational splittings and vibrational frequencies were rather insensitive to the sign of V%c. In fact with the same values of Table 7 but with a correspondingly negative value for Vsc the A-E rotational splittings are still reasonably reproduced (s. d. = 0.75 MHz or 4.4%) while the vibrational frequencies are almost unaffected. This result is specifically connected with the numerical quantities which enter in the calculations for a particular molecule and has not to be generalized. It can be seen, looking at the matrix elements of the Hamiltonian (1) containing Vs c > that not only their signs are changed by reversing the sign of V3c but also their absolute values due to contributions from other parts of the Hamiltonian. The extent of this change is determined by the molecular quantities such as those of Table 5 . Accordingly the sign of V 3c may or may not be well defined.
A last comment refers to the quadrupole hyperfine structure. As in the ground state, even in the excited states (1,0) and (0,1) there are cases in which slight discrepancies between A and E multiplets exist. These discrepancies mainly arise from inaccuracies in the measurements due to spectral complexity. They finally contribute to the errors by which the measured A-E rotational splittings are affected.
The restriction of our analysis to rotational transitions up to / = 5 was only imposed by computer limitations. For one set of potential constants the evaluation of the rotational frequencies up to J = 5 needs 51 kbytes and about 16 minutes central processor unit time with a PDP 10 computer, using double word precision to 16 digits 18 . A Van Vleck transformation of second order aimed at each (1,0)-, (0, l)-block separately prooved not to be sufficient in the case of acetyl cyanide 19 . This indicates that the two blocks should be treated together in the perturbation treatment.
The present investigation, including Part I, has shown that vibrational interactions, while not affecting the rotational spectrum of the ground state, do affect the spectra of the two next excited states. It seems likely that these interactions extend also to the first excited CCN-out-of-plane bending state observed at 245 cm -1 , see Part III. This state results to be close to the (2, 0) -methyl torsion state calculated at 237 cm -1 . Further analysis of the rotational spectrum in the CCN-out-of-plane bending state would be extremely interesting in this respect and might also provide the experimental material for a more sophisticated RTV model with three internal degrees of freedom.
